Citrullus lanatus [Thomb.] Mansf var. F-90 were grafted onto the rootstock of Cucubirta maxima var. Dulce maravilla, and Lycopersicon esculentum var. Tmknvf 2 plants were grafted onto the rootstock of Lycopersicon esculentum var. TmKnvf 2 . Ungrafted Citrullus lanatus [Thomb.] Mansf var. F-90 and Lycopersicon esculentum var. Tmknvf 2 were used as controls. Plants were grown under controlled conditions and fertilized constantly with macroand micronutrients. The aim of the present study was to measure whether the variability in the nutritional status of iron (Fe) and the behavior of its main bioindicators in grafted plants is due to the vigor of the scion, or, on the contrary, to the influence of the rootstock. 
INTRODUCTION
Ample evidence indicates that the rootstock influences the resistance to soil-borne diseases, [1] salt tolerance, [2] resistance to low root temperatures, [3] synthesis of endogenous hormones and production of the aerial part, [4] the utilization and metabolism of macronutrients, [5, 6] and finally resistance to chlorosis. [7] [8] [9] According to Bavaresco et al. [10] and Romera et al., [11] these physiological parameters could be useful in breeding programs, to identify rootstocks that are more efficient in utilizing the Fe available in the culture medium. However, another factor to be taken into account in studying uptake and translocation efficiency of a given nutrient by a rootstock is the influence of scion vigor. Recent research has shown that rootstocks induce few changes in the nutritional status of the scion. Tagliavini et al., [12] studying the effects of the rootstocks in grafted fruit trees, suggested that the differences in nutrient uptake and translocation depends on scion vigor, and the nutrient concentrations in the xylem appear to be more related to the vigor brought about by the combination of the root system and aerial parts. Finally, works such as those by Brown et al., [13] Nielsen and Kappel, [14] and Ruiz et al. [15] found that a change of rootstocks altered the foliar content of certain essential elements (mainly N) for the plants. Therefore, according to these studies, knowledge of the relationship between the rootstock and scion may be helpful in identifying root systems which are tolerant to culture mediums deficient or toxic in specific nutrients, as well as in developing fertilization programs specific to particular rootstock-scion combinations. In short, the aim of the present work was to measure, in grafted plants of tomato and watermelon, which are crops widely grown in intensive agriculture in southern Spain, whether the variability in the nutritional status of Fe and the behavior of their bioindicators is due to the vigor of the scion or, on the contrary, to the influence of the rootstock.
MATERIALS AND METHODS

Plant Material and Culture Conditions
Seeds in this experiment were sown in January 1999 in southern Spain (Granada). The seedlings were grown in individual pots of peat in an experimental greenhouse for 30 days. At this time (30 d after of sowing), the plants were grafted following the procedure described by Lee, [16] and then were transferred a cultivation chamber. Citrullus lanatus [Thomb.] Mansf cv. F-90 plants were grafted onto the rootstocks of Cucurbita maxima cv. Dulce maravilla, and Lycopersicon esculentum L. cv. Tmknvf 2 plants were grafted onto the rootstocks of Lycopersicon esculentum cv. Tmknvf 2 . Ungrafted Citrullus lanatus [Thomb.] Mansf cv. F-90 and Lycopersicon esculentum L. cv. Tmknvf 2 were used as controls. The experimental design was a randomized complete block with four treatments, arranged in individual pots with three plants per treatment, each replicated three times.
As noted above, 30 d after sowing the plants were grown in a cultivation chamber under controlled environmental conditions at optimal growth temperatures for each species: [33] [34] [35] [36] [37] C for the watermelon [17] and 22-26 C for the tomato. [17] The growth chambers in both cases were maintained at a relative humidity of 60-80% and 16 h of photoperiod at a photosynthetic photon flux density (PPFD) of 350 mmol m À2 s À1 (measured at the top of the plants with a 190 SB quantum sensor, LI-COR, Inc., Lincoln, NE, USA).
During all experiments the plants were grown in individual pots (25 Plants were sampled on day 60 after sowing, all sampled leaves being in the mature state. The material (roots and leaves) was rinsed three times in H 2 O after disinfecting with 1% nonionic detergent, [18] then blotted on filter paper. A subsample of roots and leaves were used fresh for the analysis of chelate reductase (FeCH-R), peroxidase (POD), catalase (CAT), aconitase (Aco), and ferro-superoxide dismutase (FeSOD), performing triplicate assays for each extraction. A subsample of shoots of the plants was dried in a forced-air oven at 70 C for 24 h. Dry weight (DW) was recorded and expressed as mg dry wt shoot À1 .
Plant Analysis
Extraction and Assay of FeCH-R Extraction and assay of FeCH-R was done according to the procedure proposed by Bru¨ggemann and Moog. [19] Plasma membrane vesicles were prepared from the 10,000-30,000 g pellet using an aqueous two-phase system. The reaction was started by the addition of 50 mL of the membrane-containing solution and preceded in the dark for 30 min. Controls (without membranes) and blanks (without Fe 3þ EDTA or NADH) were treated the same way. After 30 min, the concentration of the Fe 2þ (BPDS) 3 complex was measured photometrically at 535 nm in fresh roots of tomato and watermelon plants. Triplicate assays were performed for each extract.
Extraction and Assay of Aco
One-half (0.5) g of leaves or roots were homogenized in 5 mL of buffer Tris-HCl pH 8.5 0.2 M containing 0.5 M sucrose and 5 mM EDTA-Na. The homogenized was centrifuged at 4000 rpm and supernatant was used for determination of Aco activity. Aco activity was measured spectrophotometrically at 240 nm from the increase in absorption due to the formation of cis-aconitic acid [20] in fresh roots and leaves of tomato and watermelon plants. 2224 Rivero, Ruiz, and Romero
Extraction and Assay of POD and CAT
The method used was a modified version of that proposed by Kalir et al. [21] POD activity was determined in Fresh plant material and this material was ground with 50 mM Tris-acetate buffer, pH 7.5, 5 mM 2-mercaptoethanol, 2 mM 1,4-dithio-DL-threitol (DTT), 2 mM ethylenediamine tetraacetic acid (EDTA), 0.5 mM PMSF, and 1% (w/v) PVP. The homogenate was filtered through two layers of Miracloth and centrifuged for 30 min at 37.000 g. The pellet was discarded and the supernatant used for peroxidase assays and to measure protein concentration by the method of Bradford [22] using bovine serum albimin (BSA) as standard. POD activity was determined following the change of absorbance at 485 nm due to guaiacol oxidation at 30 C [21, 23] and the reaction mixture contained 100 mM Tris-acetate buffer, pH 5.0, 1 mM guaiacol and 0.003 mM H 2 O 2 . The CAT activity was determined by following the consumption of H 2 O 2 at A 240 for 5 min in 3 mL of a reaction mixture. [21, 23] Both enzyme assays were performed at 25 C with equal amounts of protein (100 mg) in fresh roots and leaves of tomato and watermelon plants.
Extraction and Assay of FeSOD
FeSOD activity was assayed by monitoring the inhibition of photochemical reduction of nitro blue tetrazolium (NBT), using the method of Giannopolitis and Ries [24] and Beyer and Fridovich [25] with some modifications. [26] For total SOD assay, the reaction mixtures (50 mM buffer CO 3 Na pH 10.2, 0.1 mM EDTA-Na, 12 mM L-Methionine, 75 mM NBT, and cyanamide) were illuminated for 15 min; light intensity was 380 mmol m À2 s À1 . Identical reaction mixtures that were not illuminated were used to correct for background absorbance. One unit of SOD activity was defined as the amount of enzyme required to cause 50% inhibition of the reduction of NBT as monitored at 560 nm in fresh leaves of tomato and watermelon plants.
All these procedures were carried out at 4 C. To determine whether the reaction was enzymatic, the sample extract was boiled and assayed. Protein was estimated by the method of Bradford. [22] Determination of Total and Free Fe Concentration For the determination of Fe, dry roots and leaf weight (0.1 g) was submitted to a sulphuric-acid digestion in presence of H 2 O 2 , [18] and diluted with bi-distilled water. For the determination of free Fe, dry roots and leaf weight (0.1 g) were submitted to HCl digestion. Fe was analyzed by atomic-absorption spectrophotometry, [27] The results were expressed as mg g À1 dry weight (DW).
Statistical Analysis
Standard analysis of variance was used to assess the significance of treatment. Results shown are mean values AE SE. A correlation analysis was also conducted to determine the relations between the different variables. Levels of significance are represented by at Ã P < 0.05, at ÃÃ P < 0.01, at ÃÃÃ P < 0.001 and ns: not significant by ANOVA at P ¼ 0.05.
RESULTS AND DISCUSSION
Efficiency in Utilization and Metabolism of Fe in Grafted Watermelon Plants
Higher plants have developed various specific and nonspecific mechanisms to increase the solubility and uptake of Fe in the rhizosphere. In reference to the root-cell plasma membrane, Bienfait [28] suggested the existence of two different oxidoreductases capable of transferring electrons from the cytosol to several external electron acceptors (ferricyanide or ferric chelates). One, oxidoreductase, can only reduce Fe(III) to ferricyanide, and the other is capable of reducing both ferric chelates and ferricyanide. This latter reductase (Fe(III)-chelate reductase [FeCH-R]) is induced or stimulated by iron-deficiency stress and is responsible for generating Fe(II) prior to uptake by dicotyledonous and nongraminaceous monocotyledonous plants. [29] Therefore, Fe uptake and thus the nutritional status of this micronutrient depends greatly on FeCH-R activity. [30] In this experiment, the highest FeCH-R activity was registered in the roots of the grafted plants (Table 1) , with an increase of 50% over the lowest activity presented in ungrafted plants (control). These results are logical, given that the grafted plants are usually formed by more vigorous rootstocks, normally efficient in taking up water and inorganic nutrients, this being one the main motives for the widespread use of grafted rootstocks. [16] In relation to the root concentration of total and free Fe, the highest concentrations were presented in grafted plants, and the lowest in control (Table 1) . These results, together with values for FeCH-R activity 2226 Rivero, Ruiz, and Romero [15] ) of the variations in the leaf nutrient concentrations in grafted plants: Decrease Iron Metabolism in Tomato and Watermelon Plants 2227 (Table 1) indicate that Fe uptake and therefore the nutritional status of this micronutrient depends greatly on this enzymatic activity. [30] Finally, with the relationships found between these parameters in our experiment (total Fe activity and FeCH-R, r ¼ 0.97 ÃÃÃ ; free Fe-activity FeCH-R, r ¼ 0.93 ÃÃÃ ) the first requirement was fulfilled (increasing the Fe 3þ reduction and Fe uptake) given by Bavaresco et al. [10] for considering a rootstock to be Fe efficient.
On the other hand, as suggested by Bavaresco et al., [10] another fundamental condition to define a rootstock as Fe-efficient is the translocation of Fe towards the shoot. In our experiment, grafted watermelons registered the highest foliar concentrations of total and free Fe (Table 1) . Again, the relationship between the root activity of FeCH-R and the foliar Fe concentrations (total Fe-activity FeCH-R, r ¼ 0.98 ÃÃÃ ; free Fe-activity FeCH-R, r ¼ 0.99 ÃÃÃ ) define the rootstock of Cucurbita maxima var. Dulce maravilla, used to graft to watermelon, as being Fe-efficient also in the translocation of this micronutrient towards the shoot.
In addition, when we apply the model developed by Ruiz et al. [15] to evaluate the influence of rootstock genotype on leaf nutrient in grafted plants, we find that the foliar concentration of total and free Fe in grafted watermelon plants classify both forms of Fe as ''3þ,'' that is, with an increase of more than 50% over the Fe concentrations in control (Table 1) . These results confirm the influence of the root genotype on the nutritional status of foliar Fe in grafted watermelon plants.
Iron is one of the key mineral elements in plants, and because of its physico-chemical properties, coordinated at metalloprotein active sites, it participates in most of the basic redox reactions required in both the production and consumption of oxygen. [31] Due to these functions, the activities of some metalloenzymes are used to diagnose Fe stress in plants, the most frequently used being Aco, POD, CAT, and SOD. [32] [33] [34] In general, the relationship between the activity of these bioindicators (POD, CAT, SOD, and Aco) and the Fe content is positive, since these enzymatic activities increase with the Fe content. [32] [33] [34] [35] In this experiment, as in general, for roots and leaves, the highest enzymatic activities of all these bioindicators were recorded in grafted plants (Table 1) , this coinciding with the highest concentrations of Fe in both organs (Table 1 ). This explains that most of the relationships found between these parameters, both in roots (total Fe-activity POD, r ¼ 0.66 ns; total Fe-activity CAT, r ¼ 0.83 ÃÃ ; total Fe-activity Aco, r ¼ 0.91 ÃÃÃ ) and leaves (total Fe-activity POD, r ¼ 0.95 ÃÃÃ ; total Fe-activity CAT, r ¼ 0.61 ns; total Fe-activity Aco, r ¼ 0.97 ÃÃÃ ; total Fe-activity FeSOD, r ¼ 0.94 ÃÃÃ ) were positive and significant. Finally, in 2228 Rivero, Ruiz, and Romero this sense, considering the relationships shown above, we propose that, in watermelon, Aco is the principal bioindicator of the nutritional status of Fe both in the roots and shoot.
Efficiency in Utilization and Metabolism of Fe in Grafted Tomato Plants
As in grafted watermelon plants, the highest root activity of FeCH-R was presented by grafted tomato plants, with increases of 67% over the lowest activity in control ( Table 2 ). The highest FeCH-R activity in grafted tomato plants is reflected also in the root concentrations of total and free Fe, given that the highest concentrations of both forms of Fe were recorded in the roots of grafted plants (Table 2) . These results, together with the relationships found between these parameters (total Fe-activity FeCH-R, r ¼ 0.92 ÃÃÃ ; free Fe-activity FeCH-R, r ¼ 0.96 ÃÃÃ ) confirm the hypothesis of Bagnaresi and Basso [30] in the sense that Fe uptake and therefore the nutritional status of this micronutrient depends greatly on the activity of FeCH-R. On the other hand, these results initially define the rootstock of Lycopersicon esculentum var. Tmknvf 2 , as Fe-efficient, given that it improves Fe 3þ reduction and Fe uptake in relation to the roots of control (ungrafted).
With respect to the foliar concentrations of total and free Fe, no statistically significant differences were found between the values for control and those of grafted tomato plants (Table 2) . Therefore, as opposed to the results for watermelon, the relationship between the FeCH-R activity in the root and the foliar concentrations of total and free Fe was not significant (total Fe-activity FeCH-R, r ¼ 0.32 ns; free Fe-activity FeCH-R, r ¼ À 0.19 ns). These results suggest that although grafted tomato plants increased Fe 3þ reduction and Fe uptake, these processes were not reflected in the translocation of this micronutrient towards the aerial part, given that in the leaves the concentrations of total and free Fe in control and grafted tomato plants were similar (Table 2) . Therefore, considering the lack of increase in Fe translocation towards the shoot in grafted plants, we define the rootstock of Lycopersicon esculentum var. Tmknvf 2 as being Fe-inefficient.
This situation in the grafted tomato plants with respect to nutritional status of Fe in leaves could be due to compatibility problems between the rootstock and scion, causing the accumulation of Fe in rootstock. However, this possibility is quite remote, primarily for two reasons: (i) first, the two parts of the grafted plant (rootstock and scion) belong to the same family, and Kollmann and Glockmann [36] deemed
Iron Metabolism in Tomato and Watermelon Plants incompatibility highly unlikely; (ii) incompatibility between the two parts of the grafted plant arise mainly in the connection between the phloem and xylem tubes, [36] which would not impede the translocation of Fe towards the aerial part. Therefore, the only plausible explanation for the Fe accumulation in the roots of grafted plants is scion vigor.
On the other hand, when the model developed by Ruiz et al. [15] was applied, it was confirmed that the Fe accumulation in the rootstock was due to the vigor of the aerial part, since, as reflected in Table 2 , there was no increase (AE) in the foliar concentrations of total or free Fe in grafted plants in relation to control values.
Finally, concerning the different bioindicators analyzed with respect to the nutritional status of Fe, the relationships in the root between the Fe concentration and the different enzymatic activities were positive and significant (total Fe-activity POD, r ¼ 0.92 ÃÃÃ ; total Fe-activity CAT, r ¼ 0.91 ÃÃÃ ; total Fe-activity Aco, r ¼ 0.89 ÃÃÃ ), with the highest activities in all cases being registered in the roots of the grafted tomato plants (Table 2) . Nevertheless, in the leaves, the POD, CAT, Aco, and FeSOD activities had similar values in grafted plants and control (Table 2) , due mainly to the fact that these plants did not statistically differ, either, in foliar Fe concentrations (Table 2) .
CONCLUSIONS
The results of this work indicate that values for Fe 3þ reduction and Fe uptake, through FeCH-R activity and the concentration of total Fe in the roots can be used to define a rootstock as Fe-efficient or not. However, in this experiment, the importance of scion vigor is demonstrated in grafted plants in terms of translocation and foliar concentration of Fe, parameters which could cancel the latter condition for defining a rootstock as Fe-efficient. Finally, the effectiveness of the bioindicators used in our experiment (POD, CAT, Aco, and FeSOD) of the nutritional status of Fe may vary according to the plant species studied and the organ analyzed, although generally in this study the bioindicators adequately reflect the Fe concentration.
